The p53 tumor suppressor is embedded in a large gene network controlling diverse cellular and organismal phenotypes. Multiple signaling pathways converge onto p53 activation, mostly by relieving the inhibitory effects of its repressors, MDM2 and MDM4. In turn, signals originating from increased p53 activity diverge into distinct effector pathways to deliver a specific cellular response to the activating stimuli. Much attention has been devoted to dissecting how the various input pathways trigger p53 activation and how the activity of the p53 protein itself can be modulated by a plethora of co-factors and post-translational modifications. In this review we will focus instead on the multiple configurations of the effector pathways. We will discuss how p53-generated signals are transmitted, amplified, resisted and eventually integrated by downstream gene circuits operating at the transcriptional, post-transcriptional and post-translational levels. We will also discuss how context-dependent variations in these gene circuits define the cellular response to p53 activation and how they may impact the clinical efficacy of p53-based targeted therapies.
Introduction
As molecular biology evolved from the study of single molecules to the study of large biological systems, the meaning of the word p53 displayed a parallel increase in sophistication. When discovered more than 30 years ago, p53 was first a protein in a gel [1] [2] [3] . Early on, p53 was characterized as an oncogene, a confounding issue derived from the study of the mutant p53 variants expressed in tumors [4] [5] [6] [7] [8] [9] . Years later, the wild type version of the p53 gene was unequivocally identified as a tumor suppressor [10] [11] [12] . Eventually, the p53 protein was characterized as a DNA-binding transcription factor [13] [14] [15] [16] [17] . With the discovery of MDM2, a repressor of p53 [18] [19] [20] , and p21 (CDKN1A), a p53 target gene and effector [21, 22] , a p53 pathway was born. With the identification of numerous upstream regulators and hundreds of target genes with different functions [23] [24] [25] [26] , one pathway became many (Fig. 1) . Today, the notion of a p53 pathway is obsolete: p53 is a gene network. An enormous amount of knowledge has been generated while studying the p53 gene, the p53 protein, and the various p53 pathways. What can we learn from studying p53 as a gene network?
In this review, we will abandon all p53-centric views and consider p53 as mere "signal generator" within a vast gene network. We will deliberately neglect all information about the multiple events that affect the p53 molecule itself, such as dozens of post-translational modifications and hundreds of binding partners that regulate its activity. We refer those readers interested in the p53 molecule to many excellent p53-centered reviews [27] [28] [29] [30] [31] . Instead, in the next pages we will assume, for the sake of argument, that the p53 protein is one and the same in every context, and that its activity as a DNA binding protein and transcriptional regulator is invariant across scenarios. Having blinded ourselves to the outstanding complexity of the molecular events surrounding p53 activation, we will focus our attention on the downstream networks of genes that modulate p53-derived signals. Throughout this review we will employ an electrical engineering metaphor and it is important for us to define at this point how we will use the terms circuit, integrated circuit and circuit board.
In our metaphor, p53 is a switch turned to the 'ON' position by p53 activating stimuli, thus transmitting signals to downstream circuitry. We define a circuit as the collection of factors co-regulating a given p53 target gene at the transcriptional, post-transcriptional and posttranslational levels. In Section 2 we illustrate this for p21, a direct transcriptional target of p53 that mediates cell cycle arrest (Fig. 2 ) [21, 22, 32] . An integrated circuit is defined as a group of p53 target genes that work together to drive a given cellular response. For example, the p21 and 14-3-3σ (SFN) circuits are part of an integrated circuit that mediates p53-dependent cell cycle arrest, whereas PUMA (p53-upregulated modulator of apoptosis, BBC3) and NOXA (PMAinduced protein 1, PMAIP1) are two among many circuits mediating p53-dependent apoptosis. Finally, a circuit board represents the assembly of several diverse integrated circuits, which ultimately coalesces all of the various signals into a single cellular outcome (Fig. 3) . In Section 3 we assemble a minimal circuit board composed of p21, 14-3-3σ, PUMA and NOXA, which includes their various gene-specific co-regulators acting at the transcriptional, posttranscriptional and post-translational levels. In Section 4 we describe how p53 circuit boards can be assembled into cell type-and stimulus-specific configurations that define context-dependent p53 responses. We discuss at this point the impact of the p53 family 2 . The p21 circuit. The p53 target gene p21 is co-regulated by various factors acting at the transcriptional, post-transcriptional and post-translational levels, all of which can potentially affect p53/p21-dependent cell cycle arrest. In both A and B, from top to bottom, transcriptional control of p21 gene expression merges the action of positive and negative transcriptional regulators into a single output, functional mRNA. In this context, p53 is just one among many regulators feeding into RNA polymerase II (RNAPII), the signal integrator at this step, which synthesizes p21 mRNA, the input for the next level of regulation. From there, signals from factors that positively and negatively influence RNA stability and translation are combined via the ribosome signal integrator to achieve protein synthesis. Finally, the levels of active p21 protein in the cell are fine-tuned by stabilizing and destabilizing signals resolved by the proteasome. In A, the regulatory layers are displayed as cartoons of DNA, RNA and protein molecules. In B, the same processes are depicted as an electrical circuit comprising three signal integrators. At the transcriptional level, activating signals including p53 (green) are applied to the positive terminals of the RNAPII signal integrator (+) and are summed internally by an adding network (dashed blue box); inhibitory signals (red, negative terminals) are combined similarly. The difference in total activating and total inhibitory signals determines output amplitude, in this case p21 mRNA level. Integrator output can subsequently serve as input to other signal processing machinery; in this example, p21 mRNA levels become positive inputs for p21 protein production in the ribosome. members p63 and p73 on these differential assemblies. Finally, in Section 5 we discuss the biomedical importance of a gene network (i.e. circuit board) approach, with an emphasis on a new generation of p53-based targeted therapies whose clinical worth is limited by the highly pleiotropic character of p53.
2. Layered regulation of p53-derived signals: the p21 circuit p21 is a key mediator of p53-dependent cell cycle arrest by acting as a potent inhibitor of cyclin-dependent kinases [21, 22, 32] ; however, p53 is only one among dozens of regulators of p21 activity in the cell. p21 is exquisitely regulated at various stages, from transcription to protein degradation [33] , and these regulatory events tune p53-dependent cell cycle arrest. Here, we will assemble a small fraction of the known regulators of p21 into a circuit (Fig. 2) .
Transcriptional co-regulation of p21
p53 is but one of many well documented transcriptional regulators of the p21 locus [33] . Positive and negative regulation by these other factors dictate the extent to which p53 transactivates p21. For example, MIZ1 (MYC interacting zinc-finger protein-1) [34] and SP1 (specificity protein 1) [35, 36] have been shown to regulate p21 in p53-dependent and/or -independent manners. Recently, ZAC1 (zinc-finger protein which regulates apoptosis and cell cycle arrest) was shown to synergistically transactivate p21 through a direct interaction with SP1 and through a functional interaction with p53 [37] , demonstrating the hierarchical action of three p21 transactivators. In contrast, p53-dependent p21 induction is subject to myriad antagonistic factors. For example, MYC represses p21 activation in response to multiple forms of DNA damage via its interaction with MIZ1 [34, 38] . ZBTB4 (zinc-finger and BTB domain containing 4) is a member of the POZ domain-containing family of transcriptional repressors that can also inhibit p21 transcription through interaction with MIZ1 [39] . Other POZ repressors including FBI-1, ZBTB2 and ZBTB5, also regulate p21 transactivation through direct competition with p53 and/or SP1 [40] [41] [42] . These examples demonstrate the potential for regulatory complexity that exists at just one step of gene regulation. Integration of the effects from many transcription factors is required to fine-tune the amount of p21 mRNA produced, which then functions as the input for the next step in the circuit, regulation of RNA stability and translational control.
Post-transcriptional co-regulation of p21
After transcription, splicing and 3′ end formation, mature mRNAs are regulated by numerous factors that influence their stability, localization and access to ribosomes for active translation. Viewed as a coordinated regulatory module, these events consolidate multiple signals into a single output: functional protein (Fig. 2) . Increased RNA stability plays a major role in facilitating p21 protein upregulation in response to DNA damage via the binding of HuR (ELAVL1) to an AU-rich element (ARE) in the p21 3′ untranslated region (UTR) [43, 44] . RNPC1 (RBM38, RNA binding motif 38) is a direct transcriptional target of p53 which also binds to an ARE in the p21 3′ UTR to stabilize it under DNA damaging conditions, thus creating a link between two adjacent levels of the circuit [45] . In fact, HuR and RNPC1 act cooperatively to bind the 3′ UTR and increase the stability Fig. 3 . Integrated circuits of cell cycle arrest and apoptosis comprise a minimal p53 circuit board. Following a similar schema to Fig. 2 , co-regulators of individual p53-target genes acting at the transcriptional, post-transcriptional and post-translational levels are integrated into circuits. Individual genes contributing to a particular cellular outcome following p53 activation are then combined into integrated circuits, represented here by the cell cycle arrest and apoptosis integrated circuits composed of p21/14-3-3σ and PUMA/NOXA, respectively. The two integrated circuits are then assembled into the p53 circuit board, which ultimately consolidates all positive and negative signals to define one cell fate. Positive regulators of gene activity are denoted by solid boxes, and dashed boxes indicate negative regulators.
of the p21 mRNA [46] . In contrast, AUF1 (AU-rich binding protein 1, hnRNP D) competes with HuR to regulate p21 mRNA stability antagonistically. In an intriguing set of experiments, Lal et al. demonstrated that while AUF1 and HuR can bind to adjacent sites in the p21 3′ UTR to promote nuclear export, in the absence of HuR, AUF1 shifts its binding position to promote destabilization of the mRNA [47] . In neuronal cells, hnRNP K acts in concert with HuB (ELAVL2) to block translation of p21 mRNA, an interesting finding in light of the fact that hnRNP K also positively regulates p53-dependent transcription of p21 [48, 49] . Therefore, hnRNP K is an example of a factor that can regulate expression of p53 target genes at multiple sites within the circuit. Elements in the 5′ coding region of the p21 mRNA are also subject to regulation, as CUGBP1 and calreticulin (CALR) compete for binding to CG-rich elements to increase or decrease translation, respectively, in an interplay shown to affect differentiation and senescence [50, 51] . Thus, post-transcriptional regulation by competing RNA binding factors significantly influences p21 protein levels. Interestingly, p53 activates the expression of p21 both directly, at the transcriptional level, and indirectly, by regulating factors that increase mRNA stability. The ultimate signal integrator of post-transcriptional events is the ribosome, which synthesizes protein that can in turn be post-translationally regulated.
Post-translational co-regulation of p21
p21 is subject to a variety of post-translational modifications that alter its activity, subcellular localization and/or stability (Fig. 2) . The p21 protein can be phosphorylated on at least seven Ser/Thr residues with variable effects on localization and stability. For example, AKT/ PKB can phosphorylate p21 on Thr 145 or Ser
146
. This is an intriguing case because AKT phosphorylation at Thr 145 was shown to increase p21 stability and block its association with PCNA, promoting cell cycle arrest, whereas the Ser 146 modification activates a Cyclin D1/CDK4 complex to drive proliferation [52] . Additionally, phosphorylation of Thr 145 by the oncogenic PIM1 kinase was shown to alter p21 localization, sequestering it in the cytoplasm where it is not competent to block cell cycle progression [53] . Furthermore, p21 protein stability can be altered both positively and negatively by p38α/JNK1 phosphorylation of Ser 130 and GSK3β phosphorylation of Ser
114
, respectively [54, 55] . These examples represent only a small subset of the kinases and phosphorylation sites that regulate p21, but they surely serve to demonstrate how a single type of post-translational modification can modulate p21 activity well after p53-dependent transactivation.
The final layer of regulation in this circuit comes at the level of proteasomal degradation. Ubiquitin-mediated degradation of p21 occurs at different phases of the cell cycle, directed by different E3 ligases including SCF
SKP2
, APC/C Cdc20 and CRL4 CDT2 [56] [57] [58] . It has also been reported that p21 can be degraded by the proteasome independent of its ubiquitination status [59, 60] . p21 can be stabilized without interceding posttranslational modifications through the formation of complexes with Cyclin D1, mediated by RAS overexpression, or by binding to WISP39/ HSP90, both of which prevent the association of p21 with the proteasome [61, 62] . This last layer of regulation can amplify or dampen the signal initiated by active p53 to determine the level and activity of p21 in the cell, as well as its final effect on the cell cycle.
3. Assembling circuits into integrated circuits and circuit boards: the minimal case of p21 and 14-3-3σ versus PUMA and NOXA
As illustrated for p21, the regulation of individual p53 target genes is a complex process analogous to a circuit. Determination of the ultimate biological outcome following p53 activation owes to the convergence of these regulatory processes on numerous target genes. The groups of genes that work together to affect a given phenotypic outcome are akin to an integrated circuit where numerous circuits operate in parallel. In turn, integrated circuits assemble into circuit boards governing the overall cellular response to a specific stimulus. In the next few paragraphs we will assemble a minimal circuit board composed of the manifold gene-specific transcriptional, post-transcriptional and posttranslational regulators affecting four p53 target genes: p21, 14-3-3σ, PUMA and NOXA (Fig. 3) .
3.1. Gene-specific transcriptional regulation of p21, 14-3-3σ, PUMA and NOXA Cell cycle arrest in response to p53 activation is mediated by two main proteins: p21, which arrests cells mainly in the G1 phase of the cell cycle, and 14-3-3σ, which arrests cells at the G2/M transition [63] . 14-3-3σ is a direct transcriptional target of p53 that binds to the mitotic phosphatase CDC25 and sequesters it in the cytoplasm, thus preventing it from activating CDK1-cyclin B complexes [63, 64] . p21 and 14-3-3σ work coordinately to enforce cell cycle arrest in response to various DNA damaging agents and protect from apoptosis [65, 66] . Relatively little is known about additional transcriptional coregulators of 14-3-3σ; however, BRCA1 has been shown to increase 14-3-3σ mRNA levels in a p53-dependent fashion [67] . In mouse ES cells, BRCA1 is required for full expression of 14-3-3σ, a finding which translated to several p53 wild-type human cancer cell lines where overexpression of BRCA1 resulted in upregulation of 14-3-3σ [67] . Negative regulation of 14-3-3σ transcription by promoter DNA hypermethylation occurs in many normal tissues and is widespread in human cancers, but the mechanisms by which it is established remain largely elusive [68] [69] [70] . Of note, the IKKα kinase shields 14-3-3σ from silencing in keratinocytes by binding to the promoter and blocking the action of the histone-and DNA-methyl-transferases SUV39H1 and DNMT3A, respectively [71] .
The apoptotic module of the p53 response involves numerous factors, including the BCL2-homology domain 3 (BH3)-only proteins PUMA and NOXA, which are both p53 target genes that inhibit prosurvival BCL2 family members such as BCL2, BCL2L1 (BCL-xL) and MCL1, thus activating the intrinsic apoptotic pathway [72] [73] [74] [75] . PUMA is also known to directly activate BAX, the pore-forming protein required for permeabilization of the outer mitochondrial membrane [76] . Each of these genes is subject to additional regulation at the transcriptional level. PUMA, for example, can be directly activated by the FOXO3 (Forkhead box O3a) transcription factor and may be repressed by MYC [77, 78] . FOXO3-dependent induction of PUMA synergizes with transactivation-independent p53 activity to induce apoptosis [78, 79] . PUMA is also induced by the transcription factor IRF1 as well as by NF-κB in response to TNF-α (tumor necrosis factor-α) [80, 81] . In some cell types, the p53 target SLUG (SNAI2) directly represses PUMA transcription in response to ionizing radiation [82] . Finally, we have demonstrated that PUMA is subject to a novel mode of gene-specific transcriptional repression whereby the insulator protein CTCF (CCCTC-binding factor) establishes a repressive chromatin boundary within the coding region of the gene [83] .
A large cohort of factors similarly regulates NOXA transcription. NOXA is transactivated under hypoxic conditions by HIF1A (Hypoxia inducible factor-1 alpha) independently of p53 [84] . Proteasome inhibition and cytotoxic stimuli both result in NOXA upregulation mediated by MYC and FOXO1 (Forkhead box O1), respectively [85, 86] . Conversely, transcriptional repression of NOXA has been demonstrated in several instances, including silencing by the polycomb group protein BMI1 and by glucocorticoids in acute lymphoblastic leukemia (ALL) cells [87, 88] . E2F1 is a particularly interesting component in the apoptotic integrated circuit as it can bind to and activate the promoters of PUMA, NOXA and several other BH3-only genes [89] . The integration of these complex and diverse regulatory signals generates a set of mature mRNAs that serve as input for the post-transcriptional and post-translational stages of the circuit board.
3.2. Gene-specific regulation of p21, 14-3-3σ, PUMA and NOXA at the post-transcriptional and post-translational levels
In addition to p21, the cell cycle arrest integrated circuit is modulated by post-transcriptional regulators of 14-3-3σ (Fig. 3 ). 14-3-3σ protein levels are regulated by several E3-ubiquitin ligases. EFP (estrogen-responsive finger protein, TRIM25), a protein commonly overexpressed in breast cancers, specifically targets 14-3-3σ for proteolysis and, consistent with this function, knockdown of EFP reduces tumor growth in vivo [90] . CARP2 (caspase 8/10 associated RING protein 2) has also been implicated in proteasomal degradation of 14-3-3σ, although the exact mechanism of CARP2 action remains to be elucidated [91] .
The apoptotic integrated circuit includes post-transcriptional regulators of PUMA and NOXA. A number of microRNAs, including miR-125b, -221/222 and -296, have been shown to inhibit the production of PUMA protein in various cell types. miR-125b promotes tumor growth in vivo by targeting several pro-apoptotic mRNAs, including the 3′ UTR of the PUMA transcript [92] . miR-221/222 have been shown to down-regulate PUMA expression in both glioblastoma and epithelial cancers [93, 94] . The IKK1/IKK2/NEMO kinase complex was found to trigger phosphorylation of PUMA protein at Ser 10 to promote its proteasomal degradation, a mechanism that can be initiated by inputs that compete with p53 activation, such as cytokine signaling [95, 96] . PUMA activity is also regulated at the level of subcellular localization. In glioblastoma cells, EGFR (epidermal growth factor receptor) binds directly to PUMA and sequesters it in the cytoplasm, preventing its activity at the mitochondria [97] . Regulation of NOXA protein translation is less well understood, although cytoplasmic sequestration has been reported as a mechanism to reduce its activity at the mitochondrial membrane [98] . In hematopoietic cells, NOXA is constitutively expressed and phosphorylated on Ser 13 by CDK5, resulting in its cytoplasmic localization and inhibition. Glucose deprivation removes this mark, activating the apoptotic potential of NOXA [98] . NOXA protein is also subject to proteasomal degradation. In particular, the Kruppel-like tumor suppressor, KLF6-SV1 (splice variant 1), has been shown to promote NOXA turnover using a mechanism that involves the E3-ubiquitin ligase activity of MDM2, thereby promoting cancer progression and chemoresistance in vivo [99] . Clearly, the examples highlighted so far are a minimal representation of the p53 circuit board. If more p53 target genes were included in the analysis, the complexity would become staggering. Instead, we will leave the circuit board in this minimal form and explore how its differential assembly in different contexts modulates the cellular response to p53 activation.
Context-dependent configurations of the p53 circuit board
Context is the hallmark of biological processes. The biological response observed upon activation of any node within a gene network is affected by the contextual connectivity of said node. The ON-OFF switch of a food blender operates in basically the same way as the ON-OFF switch of a bedside lamp. The outcome of flipping the switch to the ON position is not defined by the switch itself, but rather by the downstream circuitry and machinery. Such context-dependent outcomes are readily apparent in the p53 network and can be reasonably resolved into two major types, cell type-specific and stimulus-specific. The same p53 activating stimulus triggers starkly different responses across cell types. A single cell type undergoes very different p53-dependent outcomes in response to distinct p53-activating stimuli. In this section, examples of context-specific assemblies of the p53 circuit board will be discussed, with careful attention paid to how p53-dependent and p53-independent events are integrated to produce specific outcomes.
Cell type-specific configurations of the p53 circuit board
The two hundred or so differentiated cell types in the adult human body are genetically identical, yet the fraction of their genomes that is expressed is clearly different. Although p53 is ubiquitously expressed across tissues, its surrounding network is massively different from one cell type to another. As epigenetic mechanisms silence much of the genome in a cell type-specific fashion, the availability of p53 target genes and their co-regulators varies immensely, and so does the cellular response to p53 activation.
A clear example of this pleiotropy is provided by elegant mouse studies where the wild type p53 gene was replaced by p53ER TAM , a 4-hydroxy-tamoxifen (4-OHT)-dependent variant of p53 [100, 101] . Tissues and cells derived from these knock-in mice can be toggled between p53-deficient and p53-proficient states by systemic administration and withdrawal of 4-OHT. In the presence of MDM2, addition of 4-OHT does not suffice to trigger a p53 response, which requires additional activating stimuli such as DNA damage or oncogene hyperactivation [101] . However, in p53ER TAM Mdm2−/− mice, 4-OHT elicits full p53 activation [100] . In this scenario, activation of p53ER TAM triggers efficient apoptosis in all classically radiosensitive tissues such as bone marrow, thymus, spleen white pulp and small and large intestines, which leads to their rapid atrophy [100] . In contrast, classically radio-insensitive tissues like lung, heart, brain, liver and kidney remain phenotypically normal. In the case of testis, although apoptosis is not observed, atrophy is still obvious, which is seemingly caused by a profound proliferation arrest. Importantly, the authors confirmed that p21 and Puma mRNAs are effectively induced in all tissues regardless of outcome. Thus, although the switch is flipped to the ON position in every tissue and specific circuits within the circuit board are available and activated in every cell type tested (i.e. p21 and PUMA), the final output is markedly different in each cell type, which can only be explained by as yet undefined differences in the rest of the circuit board. Although p21 is a key mediator of p53-dependent cell cycle arrest, its loss does not completely abrogate the ability of p53 to halt proliferation, which demonstrates the existence of redundant and cooperative pathways [102, 103] . 14-3-3σ, GADD45A and REPRIMO (RPRM) are additional p53 target genes which have been proposed to collaborate with p21, mainly to deliver G2 arrest in specific cell types [63, 66, 104, 105] . Another mediator of proliferation arrest is the p53-inducible microRNA miR-34a, which is a direct transcriptional target of p53. miR-34a over-expression induces arrest of various cell types in the presence or absence of p21, whereas reducing miR-34a activity compromises the arrest response [106] [107] [108] [109] . Is the cell cycle arrest integrated circuit assembled in a cell type-specific fashion? Indeed. 14-3-3σ was first identified as an epithelial cell antigen exclusively expressed in epithelia, and it is silenced via DNA methylation in many normal tissues [68] . In the context of cancer, 14-3-3σ, REPRIMO and miR-34a are common targets of aberrant silencing via DNA methylation, such that their availability varies across cancer cell types [69, 70, [110] [111] [112] [113] [114] [115] [116] [117] . Furthermore, enhanced turnover of the p21 mRNA and impaired processing of the primary transcript for miR-34a prevent their accumulation upon p53 activation in some cell types [118] .
Cell type-specific configurations of the apoptotic circuit are also obvious. p53 transactivates genes in various apoptotic pathways, including components of the intrinsic (mitochondrial) pathway such as PUMA, NOXA, BID, BAX and APAF1 [72, 73, 75, [119] [120] [121] , as well as members of the extrinsic (death receptor) pathway such as FAS, DR4 and DR5/Killer [122] [123] [124] . The specific contribution of these target genes to p53-dependent apoptosis varies greatly across tissues. For example, in the thymus and developing central nervous system of mice, apoptosis induced by ionizing radiation requires p53 and PUMA, but not BAX [125] . In mice where either Puma or Noxa was disrupted, both factors contributed to DNA damage-induced apoptosis in fibroblasts, but only loss of PUMA protected lymphocytes from cell death [126] . Careful analysis of double knockout Puma−/−, Dr5−/− mice demonstrates an unexpected interdependency of the intrinsic and extrinsic pathways for the execution of p53-dependent apoptosis in some, but not all tissues [127] . In this comparative study, apoptosis in vivo following sublethal whole-body IR is almost exclusively p53-dependent in the bone marrow, spleen, thymus and GI tract. Both Dr5 and Puma contributed significantly to cell death in the spleen and thymus, yet Puma is the main contributor to cell death in the GI-tract and bone marrow.
Expectedly, pro-apoptotic factors tend to be lost or inactivated during tumor development, including various p53 targets, which then leads to multiple possible assemblies of the p53 apoptotic integrated circuit across cancer cell types. For example, PUMA is often silenced in lymphomas independently of p53 mutations [128] . In small cell lung carcinomas, various combinations of p53 target genes in the extrinsic pathway are often silenced via DNA methylation, including FAS, DR4 and caspase 8 [129] . A recent genomics study of somatic copy number alterations in 680 tumors representing 17 major cancer types revealed multiple possible assemblies of the apoptotic circuit as defined by deletions of PUMA and BOK and copy number gain for MCL1 and BCL-xL [130] .
Taken together, these observations reveal a great diversity in the assembly of the p53 circuit board across both normal and cancerous cell types.
Stimulus-specific configurations of the p53 circuit board
In addition to the cell type-specific configurations of the p53 network, a given cell type can also adopt alternative p53-dependent cell fates in a stimulus-specific manner. There are disappointingly few publications wherein distinct stimuli that elicit different p53-dependent responses have been compared in a single cell type in an attempt to understand how alternative cell fates are established.
p21 has provided an excellent paradigm to understand stimulusspecific regulation within the p53 network. Not all p53-activating agents cause p21 upregulation. p53 activation by Nutlin-3, 5-fluorouracil (5-FU), doxorubicin, daunorubicin and ionizing radiation (IR) results in effective accumulation of the p21 protein in diverse cancer cell types, whereas p53 activation by Ultraviolet Light C (UVC) or hydroxyurea (HU) does not [131] [132] [133] [134] [135] . Interestingly, all these agents produce equivalent accumulation of p53, effective binding of p53 to the enhancers in the p21 promoter and p53-dependent recruitment of specific p53 cofactors such as histone acetyl-transferases and subunits of the core Mediator complex [131] [132] [133] [134] . However, in the case of UVC, after a transient wave of early transcription, the transcriptional apparatus at the p21 promoter is partially disassembled, as defined by loss of: i) the CDK8-module of the Mediator complex, ii) the general transcription factors TFIIF and TFIIB, iii) transcription elongation factors and iv) elongating RNA polymerase II (RNAPII) [132, 133] . Interestingly, the TAF1 protein, a subunit of the TFIID general transcription factor known to downregulate p21 expression, is strongly recruited to the p21 promoter after UVC [132] [133] [134] . In the case of HU, p21 inactivation occurs not at early transcriptional events, but rather at late elongation steps [131, 135] . During the S-phase checkpoint triggered by HU, p53 activation leads to efficient recruitment and assembly of the transcriptional apparatus and RNAPII escape from the p21 promoter, but RNAPII fails to complete elongation throughout the p21 coding region. Interestingly, this block in late elongation is relieved by genetic or pharmacological ablation of the stress-induced kinase CHK1 [131] . Thus, parallel signals created by UVC and HU can impact the transcriptional machinery acting at the p21 promoter and intragenic region, respectively, to block the activating signal generated by p53 at the enhancers. Importantly, these effects are gene-specific, as other p53 target genes do not display such stimulus-specific regulation [131] [132] [133] [134] [135] .
The p53 apoptotic circuit can also be assembled in a stimulusspecific fashion. In response to DNA damage, mouse embryonic fibroblasts (MEFs) undergo p53-dependent G1 arrest. However, when MEFs are transformed with the adenoviral E1A oncoprotein, the same stimulus leads to p53-dependent apoptosis. Using this cellular system and a subtractive cloning strategy, the Jacks group identified PERP as an "apoptosis-specific gene" that is expressed in a p53-dependent manner at much higher levels in the apoptotic setting [136] . PERP is a membrane protein whose overexpression is sufficient to cause cell death in various cell types [137, 138] . Strikingly, several other p53 targets in the arrest and apoptosis integrated circuits were equally activated in each scenario, including p21, Bax and Dr5. Curiously, the p53 target gene IGFBP3 is expressed only in arresting cells. In order to understand how the proliferative signals generated by E1A resulted in differential expression of PERP, the authors showed that E2F1 overexpression activates PERP, but only in the presence of p53. Thus, oncogenic transformation creates an extra signal that enables the activation of an additional apoptotic p53 target.
Cell type-and stimulus-specific action of the p53 family members p63 and p73
The p53 family of transcription factors includes p63 and p73 [139] [140] [141] , which share with p53 an N-terminal transactivation domain (TA), a highly conserved DNA binding domain (DBD), and an oligomerization domain (OD) (reviewed in [142] , Fig. 4 ). However, p63 and p73 diverge from p53 at their C-termini, which contain a sterile active motif (SAM) domain and a transcription inhibition domain (TID) [143, 144] . p63 and p73 are subject to alternative promoter usage and alternative splicing, which creates myriad isoforms varying in their N-termini and C-termini, respectively. Of note, several p53 isoforms have also been identified, whose functions remain enigmatic. We direct the reader to an excellent review by Marcel et al. on the current state of knowledge related to the p53 isoforms [145] .
As the DNA binding domains of both p63 and p73 exhibit high identity with the p53 DBD [140] , the consensus binding sites for all three factors are virtually indistinguishable from one another [146] [147] [148] . However, the fact that the various isoforms contain different transcription activation and repression domains creates a unique opportunity to positively or negatively regulate gene expression in a combinatorial fashion. In general, the TAp63 and TAp73 isoforms are positive transcriptional regulators within the p53 network, and the ΔNp63 and ΔNp73 isoforms have been described mostly as negative regulators. Unlike p53, the p63 and p73 isoforms are not ubiquitously expressed and show instead exquisite tissue-specific patterns of expression, which then contributes to cell type-specific assemblies of the p53 circuit board.
Cousins in different places
The TA and ΔN isoforms of p63 clearly affect the p53 circuit board in a cell type-specific manner. TAp63 has been shown to transactivate the cell cycle arrest genes p21 and 14-3-3σ [149] [150] [151] as well as the proapoptotic genes PUMA and NOXA [149, 150, 152] (Fig. 5) . Conversely, ΔNp63α has been reported as a transcriptional repressor of p21, 14-3-3σ, PUMA and NOXA [152] [153] [154] [155] [156] [157] . TAp63 is highly expressed in germ cells of the ovary and testis [158] , and is essential for DNA damageinduced oocyte death [159] , thereby protecting the germline genome in a p53-independent manner. Furthermore, TAp63 is essential for RAS-induced senescence of fibroblasts, and therefore may serve as a p53-independent tumor suppressor in mesenchymal tissues [160] . In contrast, ΔNp63 is a potent pro-proliferative factor that is highly expressed in the basal cells of all stratified epithelia, including skin, cervix, vaginal epithelium, urothelium and prostate [140] . The role of ΔNp63 in epithelial stem cell maintenance and proliferation is well established, due to a number of insightful studies performed using p63 transgenic mice. Mice lacking all p63 isoforms (p63−/−) exhibit profound developmental defects, lacking all stratified epithelial tissues, hair follicles, teeth, mammary, lachrymal and salivary glands and limbs [139, 161] . Genetic complementation of p63−/− mice with either ΔNp63 or TAp63 demonstrate that there are unique roles for the p63 isoforms in regulating epithelial development; ΔNp63 is required for epidermal stem cell proliferation, whereas TAp63 may contribute to the differentiation of suprabasal keratinocytes and formation of the mature pluristratified epithelium [162] . Thus, while TAp63 feeds activating signals into the p53 circuit board in germ cells, mesenchymal tissue and suprabasal keratinocytes, triggering differentiation, cell cycle arrest, senescence and/or apoptosis depending on the context, ΔNp63 attenuates signaling within the circuit board to allow the continued proliferation of stem cells in the epithelium.
Somewhat less is known about the cell type-specific action of the p73 isoforms. Like p53 and TAp63, TAp73 can increase the transcription of p21, 14-3-3σ, PUMA and NOXA [152, 156, 160, [163] [164] [165] thereby activating the p53 circuit board in response to DNA damage and cell stress. Conversely, ΔNp73 has been shown to repress the transcription of p21, PUMA, and NOXA [166] [167] [168] , and may directly bind to and inactivate p53, TAp63 and/or TAp73 [169] , thereby serving to dampen signaling in the circuit board. Initial characterization of the p73−/− mouse determined that the loss of all p73 isoforms precipitated profound neurological defects [170] . Furthermore, two independently generated ΔNp73 knockout mouse strains show signs of neurodegeneration and brain atrophy [171, 172] , indicating that ΔNp73 plays a crucial role in regulating neuronal survival. Indeed, TAp73 and ΔNp73 have been shown to antagonize one another in neural tissue. TAp73 stimulates neuronal apoptosis through the p53-independent activation of PUMA expression, a phenomenon which may be suppressed by the exogenous expression of ΔNp73 [152] . ΔNp73 can also inhibit the pro-apoptotic effects of NGF (nerve growth factor) withdrawal, thereby mediating neuronal survival through p53-dependent and -independent mechanisms [173] . As ΔNp73 is the predominant isoform expressed in sympathetic neurons [173] and in numerous parts of the brain [172] , this demonstrates a cell type-specific role for ΔNp73 in promoting neuronal survival. In comparison, studies using the TAp73−/− mouse demonstrate its role as a bona fide tumor suppressor and in maintaining genomic stability in a broad range of tissues [174] . Thus, tissue-specific expression of the TA and ΔN isoforms of p73 allows for the exquisite regulation of their functions in the p53 network in a cell type-specific manner.
Cousins with different lifestyles
p63 and p73 isoforms are regulated by signaling pathways which do not affect p53 directly, thus creating additional regulatory diversity for the stimulus-specific assembly of the p53 circuit board. Unlike for p53, MDM2 does not appear to function as an E3 ubiquitin ligase for p63 or p73. Instead, the E3 ubiquitin ligase ITCH has been shown to target the TA and ΔN isoforms of both p63 and p73 for proteasomal degradation [175, 176] . ITCH itself may be positively modulated by phosphorylation of Ser 199 , Thr 222 and Ser 232 by JNK1 [177] and negatively modulated by phosphorylation of Tyr 371 by the Src kinase FYN [178] or by association with the competitive inhibitor N4BP1 (Nedd4-binding partner 1) [179] , thereby creating unique opportunities for stimulus- specific regulation of p63 and p73 levels in the cell. Other E3 ubiquitin ligases targeting p63 and p73 for degradation are SCF Fbw7 [180] and PIR2 [181] , respectively, which add other entry points for regulation at the protein turnover level. On the other hand, CABLES1 (CDK 5 and Abl enzyme substrate 1) has been shown to protect TAp63 and ΔNp63 from proteasomal degradation and CABLES1 expression is required for maximal stabilization of TAp63 and subsequent induction of apoptosis in female germ cells following DNA damage [182] . Similarly, NQO1 (NAD(P)H quinone oxidoreductase) and the PML (promyelocytic leukemia) protein have been shown to protect TAp63 and TA/ ΔNp73 from proteasomal degradation, respectively [183, 184] . Finally, phosphorylation of TAp73 by PLK1 (polo-like kinase 1) [185] or various CDKs [186] may inhibit p73's transactivation abilities. These examples provide mechanisms by which specific factors outside of the p53 network may modulate the expression, stability, and activation of the p53 family members in a cell type-and/or stimulus-specific manner, thereby providing additional avenues for input into the regulation of the p53 circuit board.
Clinical relevance of understanding p53 as a circuit board

p53-based targeted therapies: promise and obstacles
As the paradigm for cancer therapy shifts from blunt cocktails of genotoxic agents, antimetabolites and mitotic poisons to biologically targeted therapies, the development of non-genotoxic p53-based therapies is gaining momentum. The validity of p53 as a therapeutic target has been elegantly proven in animal models where specific activation of p53 in tumors leads to their demise via apoptosis or senescence [187, 188] . Virtually every tumor expresses p53. In about half of these tumors p53 has been inactivated by a single point mutation that disrupts its tumor suppression function and, in some cases, confers upon it oncogenic properties (reviewed in [189] ). Since mutant p53 can not transactivate MDM2, these tumors express large amounts of the former. In the other half of tumors, wild type p53 is expressed at low levels and kept in check by hyperactivation of its repressors, MDM2 and/or MDM4. Therefore, two p53-based targeted therapies can be envisioned: i) small molecules that convert (even if partially) mutant p53 back to the wild type form, and ii) small molecule inhibitors of MDM2 and/or MDM4. Approximately 11 million patients worldwide would benefit from each type of therapy [190] . It is hard to envision a more widely useful type of targeted therapy -perhaps only inhibitors of the RAS oncogene would match this potential. Currently, both classes of p53-based therapies are being tested in the clinic.
The first molecules targeting p53 activity with any degree of specificity were described in the late 1990s and early 2000s. CP-31398 was discovered by screening small molecules for the ability to restore conformational stability to p53 using antibodies specific for the active and denatured forms of p53. CP-31398 was shown to rescue the ability of mutant p53 to transactivate a p53 reporter and inhibit tumor growth in vivo [191] . A subsequent screen for compounds to reactivate mutant p53 identified PRIMA-1 (p53 reactivation and induction of massive apoptosis) [192] . This small molecule was found to restore p53 activity in cells with mutant p53 and suppress tumor growth in a mouse xenograft model. The first small molecule inhibitors of the MDM2-p53 interaction, Nutlins, were described in 2004 [193] . Nutlin-3 mimics three hydrophobic residues on p53 required for MDM2 binding, thus working as a competitive inhibitor of the interaction [193] . Additional drugs in this group include another MDM2 inhibitor, MI-219, and RITA, which binds instead to p53 to disrupt the p53-MDM2 interaction [194, 195] . Nutlin-3 was shown to bind MDM2 with nanomolar efficiency, activate p53 and suppress tumor growth, all without inducing the cytotoxic side effects associated with traditional chemotherapeutics [193] . Unfortunately, it quickly became clear that in a majority of cancer cell lines, the effects of Nutlin-3 treatment were cytostatic rather than apoptotic [196] , limiting its therapeutic efficacy. 5 . The impact of p63 and p73 isoforms on the p53 circuit board. This wiring diagram illustrates the ability of various p53 family members to co-regulate, both positively and negatively, canonical p53 target genes involved in cell cycle arrest and apoptosis. Different isoforms of p63 and p73 are expressed in diverse cell types, thus providing cell typespecific regulatory capacity. Furthermore, p63 and p73 isoforms are positively and negatively regulated by diverse factors that do not affect p53 directly (gray boxes on top), thus providing additional opportunities for stimulus-specific regulation within the circuit board.
If we agree that p53 is a mere signal generator upstream of a vast gene circuit controlling starkly diverse cellular responses, it is then obvious to anticipate that p53-based targeted therapeutics will induce tumor regression in a small fraction of patients. It is fair to assume that these successful cases will be due to rapid commitment to apoptosis or establishment of senescence within the tumors. Cell cycle arrest and autophagy are deemed the least preferred outcomes from a therapeutic perspective, as they are reversible and would lead only to a temporary stall in tumor growth for as long as the therapy is administered. Furthermore, it should be noted that the effects of Nutlin-3 are rapidly reversible. Within half an hour of washing Nutlin-3 from cell cultures, p53 levels drop drastically to low basal levels, most likely due to the fact that MDM2 accumulated during the treatment [197] . In contrast, genotoxic p53 activating agents produce long lasting signaling, which may explain their potency in the clinic. Some unavoidable questions then arise: What molecular mechanisms define cell type-specific responses to Nutlin-3? How does the p53 circuit board react to genotoxic versus non-genotoxic p53 activating agents? Can drugs like Nutlin-3 be used in the clinic, alone or in combination, to elicit potent cell death in tumors but without the systemic long lasting side effects of genotoxic agents?
5.2. The impact of cell type-and stimulus-specific assemblies of the p53 circuit board on the efficacy of p53-based therapies While studying the mechanisms of cell fate choice in response to Nutlin-3, we uncovered combinatorial assemblies of the cell cycle arrest integrated circuit across cancer cell types, which impact the decision to undergo arrest or commit to apoptosis (Fig. 6A) [118] . Upon Nutlin-3-treatment, some cancer cell lines undergo reversible cell cycle arrest without apoptosis (e.g. HCT116, colorectal cancer; A549, lung cancer), others arrest at first and then commit to apoptosis (e.g. SJSA, osteosarcoma; LNCaP, prostate cancer), and a few select types undergo apoptosis without signs of arrest (e.g. BV173, chronic myelogenous leukemia). Although p53 and several apoptotic targets are equally activated in all cell lines, we observe a clear correlation between the expression of p21, 14-3-3σ and miR-34a and the outcome adopted. HCT116 and A549 cells express high levels of the three arrest genes, SJSA and LNCaP cells express high levels of p21, mid-levels of miR-34a and no 14-3-3σ, and BV173 cells express none of these three p53 targets. Mechanistic studies showed that the observed differences are due to a combination of cell typespecific degradation of p21 mRNA, 14-3-3σ promoter DNA methylation and impaired processing of the primary miR-34a transcript [118] . Importantly, we showed that attenuation of miR-34a function in HCT116 p21−/−, 14-3-3σ−/− cells leads to a significant increase in apoptosis upon Nutlin-3 treatment relative to HCT116 cells expressing all three genes, suggesting that the concerted action of p21, 14-3-3σ and miR-34a protects cells from p53-dependent apoptosis, and that their expression level may determine, at least partially, the choice of p53 response.
In a comparative study of Nutlin-3 versus genotoxic agents, we identified stimulus-specific assemblies of the apoptotic circuit that define the p53 response (Fig. 6B) . Interestingly, we found that the same cell lines that adopt a cell cycle arrest response upon Nutlin-3 treatment can effectively undergo p53-dependent apoptosis when treated with the antimetabolite 5-FU. Using this paradigm, we investigated the contribution of~20 components of the p53 network to cell fate choice [198] . Strikingly, we found that arresting cells display effective transactivation of PUMA concurrent with translocation of BAX to the mitochondria. However, these cells fail to release cytochrome C into the cytosol and activate caspases, which is explained by the failure of BAX to oligomerize at the mitochondria. On the other hand, cells undergoing p53-dependent apoptosis accumulate p21, 14-3-3σ and other genes involved in cell cycle arrest, but they fail to arrest and show instead p53-dependent activation of caspases.
Genetic dissection of different branches of the apoptotic integrated circuit revealed that the key stimulus-specific events are: i) p53-dependent activation of caspase 8, ii) caspase 8-dependent activation of the BH3-only protein BID, and iii) BID-dependent activation and oligomerization of poised BAX. Interestingly, we found that the death receptor DR4 is strongly induced only in 5-FU-treated cells via a combination of p53-dependent transactivation and p53-independent mRNA stabilization. In fact, DR4 is required for activation of caspase 8, BID and BAX. Thus, parallel signals generated by 5-FU complement p53 action to tip the balance toward apoptosis.
5.3. Personalized p53 medicines: the urgent need for combinatorial therapies, functional genomics and molecular diagnostics Given the stochastic nature of the mutations driving cancer progression, it is safe to assume that even across a unique tumor type, the p53 circuit board will adopt a large number of possible configurations, with the consequent variability in the efficacy of p53-based targeted therapies. One way of circumventing these shortcomings is to combine Nutlin-3 with other agents that would tip the balance toward a rapid apoptotic response. Many recent efforts have been devoted to such combinatorial strategies, using both traditional and targeted therapeutics. For example, Nutlin-3 promotes apoptosis in concert with ionizing radiation in otherwise radioresistant lung cancer cells [199] . Similarly, Nutlin-3 exhibits synergy with genotoxic drugs in diverse cancers ranging from chronic lymphocytic leukemia to hepatocellular carcinoma [200, 201] . These potential treatments represent progress, but remain a rather blunt approach that merely combines DNA damage with high levels of p53 induction. Of note, Nutlin-3-induced cell cycle arrest protects from the killing effects of mitotic poisons such as paclitaxel and taxol, an observation that led to the hypothesis that Nutlin-3 could be used for cyclotherapy, protecting healthy, dividing cells from the harmful effects of certain drugs meant to target cancer cells [202, 203] . Nutlin-3 is also more effective when combined with more specific drugs and small molecules. For example, several groups have reported that CDK inhibitors potentiate the apoptotic effects of Nutlin treatment [204, 205] and similar results have been reported for MAPK inhibition in AML cells [206] . In a more directed approach, Nutlin-3 was combined with ABT-737, a small molecule that sequesters pro-survival BCL2 family members, in studies that demonstrated striking synergy between the drugs in AML and breast cancer cells [207, 208] . A recent study showed that inhibition of Hsp90 by 17AAG strongly activates p53-mediated apoptosis in response to Nutlin-3 treatment, both in vitro and in vivo [209] . Multiple studies have also shown that Nutlin-3 increases susceptibility to TRAIL via upregulation of death receptors [210, 211] . These examples represent only a fraction of the drug combinations tested with Nutlin, but all carry the same challenges as single drug strategies: which combinatorial therapies will be effective on any given tumor? Certainly, tumors where TRAIL receptors have been silenced via DNA methylation will not respond to a [Nutlin-3 + TRAIL] combination [129] . Thus, there is an increasing need for both a large menu of possible combinatorial strategies and the diagnostic tools to predict which strategy will be most effective for a given tumor.
With the advent of functional genomics it is now possible to interrogate the entire genome for pathways displaying synthetic lethality with targeted therapeutics. In fact, RNAi based screens for sensitizers to several targeted therapies approved for clinical use have identified additional drug targets that increase the efficacy of the drugs [212, 213] . These screens could be adapted to identify novel combinatorial strategies that improve the efficacy of p53-based targeted therapies. These "synthetic lethal with p53 activation pathways" (SLPAPs) may behave as such in some, but not all cancer types. We can envision the existence of "core" and "facultative" SLPAPs, depending on their universality. However, core SLPAPs may also function as such in non-cancerous tissues, which would limit their applicability due to A. An example of cell type-specific p53 responses is provided by nongenotoxic p53 activation by Nutlin-3 across cancer cell lines. In BV173 cells (left), the cell cycle arrest integrated circuit is impaired by p21 mRNA decay, 14-3-3σ promoter methylation and impaired processing of miR-34a. In contrast, these three cell cycle arrest genes are effectively activated in HCT116 cells (right), where they function coordinately to establish a cell cycle arrest response, even though potent apoptotic genes such as PUMA have also been induced. B. Stimulus-specific assembly of the p53 circuit in response to p53 activation by Nutlin-3 versus 5-FU in HCT116 cells. Both Nutlin-3 and 5-FU strongly activate genes involved in both cell cycle arrest and apoptosis; however, only 5-FU treatment results in p53-independent stabilization of DR4 mRNA and concomitant upregulation of DR4 protein levels, which is required for caspase 8 activation and proteolytic activation of BID into tBID. Activation of the DR4:tBID axis by 5-FU drives the apoptotic response by promoting oligomerization of poised BAX at the mitochondria.
side effects of the combinatorial therapy. Upon identification of these pathways, the challenge will move then to defining which patients will benefit from which combinatorial therapies, highlighting the need for molecular diagnostics. Obviously, Nutlin-3 and other MDM2 inhibitors have no effects in p53 mutant cells [202] . Thus, p53 mutational status should be the first biomarker to be analyzed before deciding on a therapeutic strategy. However, great variability is to be expected across wild type p53 tumors, as some may undergo cell cycle arrest and others apoptosis, and no biomarker is available yet to distinguish these subclasses. It is reasonable to predict that tumors with impaired arrest integrated circuits (as defined by loss of p21, 14-3-3σ and/or miR-34a) may respond better to these drugs. However, loss of just one of these arrest factors does little to change the response to Nutlin-3 [118, 214] . Thus, extensive gene expression profiling of tumors displaying variable responses to the drug seem necessary to identify a more powerful gene signature. Recently, synthetic lethal screens have been proposed to accelerate biomarker discovery [215] . The hypothesis is that many synthetic lethal genes, which protect "resistant" cell lines from the drug, will be expressed at lower levels in the "sensitive" cells. Thus, cross-referencing gene profiling and synthetic lethality datasets will provide the gene signature with highest prognostic value. However, whereas gene profiling can be easily performed in tumor samples, RNAi screens are technically amenable only to established cell cultures, and it is unclear if synthetic lethality observed in vitro can be extrapolated to the clinical setting. Technical difficulties aside, the potential of these approaches is undeniable, and they set clear research goals for the field.
Final remarks
We ask the reader to picture the following scenario, not too far into the future. During an annual check up, the reader is found to carry a non-resectable tumor. Pathologists report that it is a tumor type for which no single agent therapy has proven useful. The pathology report indicates that the tumor is wild type for p53, MDM2 positive and MDM4 negative. The oncologist orders two assays: i) a genome wide shRNA screen for synthetic lethality with an approved MDM2 inhibitor, to be performed on a growing explant derived from a fresh tumor biopsy; and ii) a global RNA and protein profile of gene expression for the tumor tissues and a few select normal tissues. Two weeks later the results arrive as a list of possible synthetic lethal drug combinations and digital blueprints of the p53 circuit boards in the tumor and normal tissues. A week later treatment begins with sequential combinations of an MDM2 inhibitor with other targeted therapies predicted to be synthetically lethal only in tumor cells. All drugs are administered at low doses and for short periods of time. Within days, the tumor regresses and the reader is considered cancer free. Science fiction or rational optimism?
"The rung of a ladder was never meant to rest upon, but only to hold a man's foot long enough to enable him to put the other somewhat higher."~Thomas H. Huxley
